Plant-pollinator interactions have a fundamental influence on flower evolution. Flower color signals are frequently tuned to the visual capabilities of important pollinators such as either bees or birds, but far less is known about whether flower shape influences the choices of pollinators. We tested European honeybee Apis mellifera preferences using novel achromatic (gray-scale) images of 12 insect-pollinated and 12 bird-pollinated native Australian flowers in Germany; thus, avoiding influences of color, odor, or prior experience. Independent bees were tested with a number of parameterized images specifically designed to assess preferences for size, shape, brightness, or the number of flower-like shapes present in an image. We show that honeybees have a preference for visiting images of insect-pollinated flowers and such a preference is most-likely mediated by holistic information rather than by individual image parameters. Our results indicate angiosperms have evolved flower shapes which influence the choice behavior of important pollinators, and thus suggest spatial achromatic flower properties are an important part of visual signaling for plantpollinator interactions.
at the short wavelength (UV) region of the spectrum for insect pollinators (Lunau et al. 2011) .
Pollinators have preferences for shapes, sizes, and patterns of real and artificial flowers (Lehrer et al. 1995; Johnson and Dafni 1998; Dafni and Kevan 1997) . For example, beetles prefer "bowl-shaped" flowers, while small bees prefer flowers which consist of broken outlines (Dafni and Kevan 1997) . Bee-flies prefer larger dissected flower models (Johnson and Dafni 1998) , and honeybees prefer larger flowers to smaller ones (Martin, 2004) . Studies demonstrate that the prefernce of pollinators for spatial charateristics of flowers may be a driver of flower evolution (Giurfa et al. 1999; Lázaro and Totland 2014; Gó mez et al. 2016) . Furthermore, the morphology of flowers constrains access to morphologically complex flower species (Krishna and Keasar 2018) . Bees recognize a number of different flower characteristics which they use to make decisions on which flowers to forage from. These signals, cues or traits include scent (Raguso 2008) , color (Giurfa et al. 1995) , shape (Lehrer et al. 1995) , size (Martin 2004) , or symmetry (Giurfa et al. 1996) . Given that honeybee foragers have shown preferences for flower-like shapes (Lehrer et al. 1995) , symmetry (Lehrer et al. 1995; Giurfa et al. 1996) , larger sizes (Martin 2004) , and/or different spatial frequencies (lower spatial frequencies when viewing images from a distance and higher spatial frequencies when viewing images at close range; Lehrer et al. 1995) , which represent the resolution of bee vision, we tested whether such preferences may indeed exist for real-flowers.
As a number of floral spectral signals have evolved to attract birds or bees for pollination, we hypothesize that differences in flower morphology between insect-and bird-pollinated flowers could be an additional signal which may be used to attract pollinators. While some insect-and bird-pollinated flowers may share similar morphologies, there are some flowers for respective pollinator groups that appear different in morphologies (Cronk and Ojeda 2008) and thus in the current study we randomly selected flowers from our Australian flower data base to test the potential preference question. By using achromatic images of Australian native flowers (Shrestha et al. 2013) , which exclude confounding factors of flower color and scent, it is possible to get insights into whether honeybees have a preference for certain natural flower shapes. Research has demonstrated that bumblebees view flowers and images of flowers as similar (Thompson and Plowright 2014) , which validate the use of 2D-printed pictures in our study. European honeybees Apis mellifera were tested in Germany as within this region there are no bird-pollinated flowers and no occurrence of the Australian native flowers used in this study, thus enabling insights into how innate preferences may influence the pollinator decisions for choosing flowers.
Materials and Methods

Study site and species
Experiments were conducted in the bee training facilities at the Johannes Gutenberg University in Germany with free-flying honeybee foragers A. mellifera. Individual bees were marked on the abdomen or thorax with a colored mark for identification. One bee was tested at a time and overall a total of 422 individual honeybees were tested. A gravity feeder which provided 5-10% sucrose solution was used to maintain a regular number of bees available for testing. Foragers from different hives were recruited to the feeder to use as a food source and individuals in our experiments were collected from this feeder. We collected 1 individual at a time for participation in the experiments. To collect a honeybee from the feeder, the bee was picked-up using a plexi glass spoon containing a higher concentration of sucrose than the feeder (50% sucrose solution). The bee was taken to the rotating screen apparatus and placed on one of the platforms which contained 50% sucrose solution (Figure 1 ). Once bees were consistently coming back to the apparatus instead of the feeder for a higher reward, the experiments began.
Apparatus
Honeybees were trained to visit a vertical rotating screen, 50 cm in diameter (Dyer et al. 2008 ; see Figure 1 ). By using this screen, the spatial arrangement of stimulus choices could be randomly arranged, thus excluding position cues. The apparatus was able to be rotated between choices and bouts to randomize the position of the stimuli, but was not constantly rotating. Stimuli were presented vertically on 6 Â8 cm hangers with a landing platform attached below the presentation area (Figure 1) . A standard gray plastic was used for the screen, hangers, and landing platforms (Dyer et al. 2008) . Hangers and surrounding screen areas were cleaned with 20% ethanol solution and then dried between landings and before each test were conducted to exclude the use of olfactory cues.
Experiment 1: Preference for bird-versus Insectpollinated flowers
Stimuli Stimuli used for the study consisted of 24 achromatic photographs of Australian native flowers with known pollinators chosen from our databases (Shrestha et al. 2013; Burd et al. 2014) . Flowers were chosen for the experiment based on the quality of the collected images from previous field work to exclude photographer bias for the current study (Shrestha et al. 2013; Burd et al. 2014) . Twelve of the flowers were identified as exclusively insect-pollinated ( Figure 2A ) and 12 were exclusively bird-pollinated ( Figure 3A ). As these flowers were novel to European honeybee pollinators in Germany, we could determine that results were not caused by familiarity with flowers from previous foraging experience. Images of flowers were cropped to 6 Â6 cm squares. The color images were transformed into achromatic grayscale images using the program ImageJ (version 1.50) by discarding the red and blue layers of the original RGB images and keeping only the layer produced by the green channel (Figures 2A and 3A and Supplementary Figure S1 ). We selected the green channel as the wavelengths sensed by this channel map closely between camera and bee green photoreceptor sensitivities (Garcia et al. 2014) which are known to be important for how free-flying bees perform spatial tasks (Giger and Srinivasan 1996; Hempel de Ibarra and Giurfa 2003; Stach et al. 2004; Morawetz et al. 2013; Avarguès-Weber et al. 2014 was used to ensure stimuli were monochromatic images in the green-receptor channel. Chromatic contrast (0.05 units for the white paper) was also calculated in a Hexagon color space (Chittka 1992) and was well below the threshold of 0.11 Hexagon units that bees perceive as different from an achromatic background (Dyer et al. 2012) . For information on flower size, see Supplementary Table S1 .
Priming phase
We primed 138 individual honeybees over 24 rewarded choices to land on platforms and become familiar with the apparatus using a 10 mL drop of 50% sucrose solution placed on each of the 8 hanger platforms. This type of priming was found necessary during pilot studies to enable a very high level of motivation from the bees for the subsequent non-rewarded testing. We began counting these priming choices when bees could land on the hanger platforms without assistance. During the priming phase, 6 Â 6 cm squares of sandblasted aluminium were presented on hangers as a spectrally neutral stimulus. The sand blasted aluminium reflects radiation equally from 300 to 650 nm (Dyer et al. 2016) and are thus achromatic for bee perception. After individual bees landed and imbibed the sucrose, they were gently removed from the apparatus using a transparent spoon with sucrose on it and placed behind an opaque screen about 1 m from the rotating screen while the apparatus and hangers were cleaned (Dyer et al. 2008) . After this procedure, bees could either choose to land on the apparatus hangers for a reward again or return to the hive to deposit the sucrose.
Testing phase
After the priming phase, we conducted 1 test with 8 pseudo-randomly chosen flower image stimuli from our image database of 24 flowers by using dice rolls ( Figure 2A : 4 different insect-pollinated flowers; Figure 3A : 4 different bird-pollinated flowers, Figure 1A ). The flower stimuli were placed on the hangers and 10 mL drop of water was used instead of sucrose in the associated platforms as the test was unrewarded. We recorded the number of choices (touches of platforms or images) for a total of 24 choices in this test thus each image had an equal chance of being chosen. A touch was defined as any contact to the platform or flower image during the test.
Statistical analysis
Bee preference analysis To determine whether bees had any preference to insect-or bird-pollinated flower images, we estimated the mean of the insectpollinated choices from the intercept of a generalized linear mixed model only including the intercept as predictor. Choices were recorded as binary responses giving a value of 1 for choices made to insect-pollinated flowers and zero otherwise. Subject (individual bees) was included as a random variable to account for the repeated measurements. The model was estimated using the routine "glmer" available as part of the "lme4" package written for the R statistical language (R Core Development Team 2016).
Image analysis
We also analyzed the flower images to determine if contrast or line length of the flower images used were significantly different in terms of insect-pollinated ( Figure 2B ) or bird-pollinated images ( Figure 3B ). For all images, the brightness profiles were constructed from pixel values of a linear transect sampling going from the leftmost pixel location to the rightmost location along the central axis of the image. Contrast for each image was calculated as the root mean square of the pixel intensity values (Bex and Makous 2002) for the entire image. Contrast values for the 2 image groups (bird-pollinated or insect-pollinated) were compared by means of an independent t-test. Contrast analyses were performed in MATLAB release 2016b. The flowers line length was analyzed using ImageJ by tracing the perimeter of the flowers and measuring the line length. The line lengths of the bird-pollinated and insect-pollinated flowers were then compared by means of a 2-tailed t-test. The t-tests were carried out in SPSS version 24.
Experiment 2: Honeybee preferences to different aspects of the flower images Stimuli There were 5 control tests that were conducted to check preferences for (i) 4 different levels of brightness, (ii) 3 different elongations of a typical flower-shape, (iii) 3 different flower sizes, (iv) a preference for 1 versus 3 flower shapes, and (v) a preference for 1 versus 11 flower shapes in an image (Figures 1 and 4) . The stimuli for this control experiment were developed using the previous tested images of flowers in Experiment 1. We tested for a preference to brightness using 4 stimuli of different levels of brightness 10%, 20%, 35%, and 50% ( Figure 4A ) which mirror the biologically relevant range of reflectance values for the most common flowers (Chittka et al. 1994; van der Kooi et al. 2016) . We tested for a preference to shape using a familiar flower-like star shape (Lehrer et al. 1995) , which was elongated, using 3 different stimuli: 1Â elongation (none), 2Â elongation, and 3Â elongation ( Figure 4B ). We tested for a flower size preference in the image using 3 differently sized flower-like stimuli: small, medium, and large ( Figure 4C ). We also assessed in 2 tests the preference for images containing 1 flower-like stimulus versus 3 (few; Figure 4D ) or 1 versus 11 (many; Figures 1 and 4E ) flower-like stimuli. We tested the bees' preferences for number of flower-like elements in an image as insect-pollinated flowers in our stimuli set (Figure 2 ) typically consist of 1 large flower-shaped element in an area of the plant, while bird-pollinated flowers in our stimuli set (Figure 3 ) often have inflorescence (multiple flowers in a single area).
Priming phase
The priming phase was identical to Experiment 1. 
Testing phase
After the priming phase, a total of 280 bees participated in one of the control tests in which stimuli were either manipulated for (i) brightness (n ¼ 78), (ii) shape elongation (n ¼ 61), (iii) size (n ¼ 65), or (iv-v) number of elements (1 versus 3: n ¼ 34; 1 versus 11: n ¼ 42) and were placed on the hangers. Testing order was random. Ten choices were recorded per bee. A choice was defined as any contact to the platform or stimulus during the test. 
Statistical analysis
In Experiment 2, we used a set of generalized linear mixed models (glmm) initially including choice number (sequence) and stimuli parameter as fixed terms to test for potential bee preferences for different visual aspects of the flower images and a potential effect of choice number (sequence of choices). We followed a classical model reduction analytical framework to test for significant effects of the 2 fixed factors. Bees participating on tests for brightness, amount of elongation, and size could select from more than 2 options; therefore, we assumed that the response variable, that is, the stimulus chosen on each trial, followed a multinomial distribution (Faraway 2005) . Models for the flower number experiments assumed a binomial distribution for the response variable. Subject (individual bees) was included as a random effect on all models to account for the repeated measurements (Zuur et al. 2009 ). The stimulus options with (i) a brightness level of 20%, (ii) 1Â elongation, and (iii) medium size were selected as baseline for the multinomial models. The baselines were chosen as (i) 20% as this was similar to the priming brightness level, (ii) 1Â elongation as this means there was no elongation in this stimulus, and (iii) medium size as this was the average size of flowers in the images in Experiment 1. Images depicting 1 flower were designed as the "correct" answer for the (iv-v) binomial models. All choice comparisons were done relative to the baseline following standard protocols (Faraway 2005) .
Multinomial models were fitted using Bayesian interference with Monte Carlo Markov Chain methods with the routine MCMCglmm (Hadfield 2010) , available for the R statistical language. Multivariate normal distributions with mean vector zero and large variance were used as diffuse priors for the fixed and random terms (Hadfield 2010) . Models were run with 210,000 iterations, a thinning interval of 1,000 and discarding the first 10,000 iterations as burnin phase. By the end of the simulation phase, chains in all models had an autocorrelation value <0.1.
Binomial models were also fitted using Bayesian techniques. Diffuse normal priors were assumed for the fixed terms while halfCauchy priors were assumed for the random terms (Zuur et al. 2015) . Fitting of the binomial models was done in JAGS (Hornik et al. 2003) for R using the same number of iterations, thinning, and burnin parameters used for the multinomial model.
Posterior distributions of the regression model coefficients were subsequently used to evaluate if the magnitudes of the model's coefficients were different from zero. For the multinomial models, coefficient values including zero demonstrate that there is no difference between the number of choices observed for the respective trait and the chosen baseline (Supplementary Table S2 ).
Results
Experiment 1
Bee preference analysis Honeybees (n ¼ 138) significantly preferred insect-pollinated flower images compared with bird-pollinated flower images at a level of 53.8 6 1.1% (mean 6 standard error of the mean) which was significantly different from chance level (H 0 ¼50%, z ¼ 3.556, P < 0.0001). Thus, honeybees had a significant preference for novel insect-pollinated flower images ( Figure 5A ).
Image analysis
The contrast values of the images (n ¼ 12) were normally distributed for both insect-pollinated images (W ¼ 0.960, df ¼ 12, P ¼ 0.780; Figure 2B and Supplementary Figure S2) and also for the 12 images of bird-pollinated flowers (W ¼ 0.958, df ¼ 12, P ¼ 0.753; Figure 3B and Supplementary Figure S3) . We conducted an independentsample t-test between the contrast values for the 2 groups and found no significant differences (t ¼ 1.692, df ¼ 17.255, P ¼ 0.109).
The line length of the bird-pollinated and insect-pollinated flowers was not significantly different (independent samples t-test: t ¼À0.728, df ¼22, P ¼ 0.475). The area of flowers was also not significantly different (independent samples t-test: t ¼ 0.928, df ¼ 22, P ¼ 0.364); thus, the contrast nor the line length nor the area could be considered a driver of bee preference.
Experiment 2
Zero was included in all the 95% credible intervals for the trial coefficient in all models. This suggests that bees were generally showing similar choices at the beginning and end of the 10 choices in the tests. Therefore, reduced models only including the intercept were subsequently fitted to the data to test for differences in the total number of choices for each trait modification relative to the baseline chosen for each trait. Analyses revealed that bees did not choose any of the modified traits for shape (n ¼ 61), brightness (n ¼ 78), or number of petals (1 versus 3: n ¼ 34; 1 versus 11: n ¼ 42) ( Figure 5B ). However, bees chose the small flowers less frequently relative to the normal sized images (n ¼ 65; Figure 5B and Table 1 ).
Discussion
Considering flowers presented to honeybees were novel (flowers were native to Australia whereas our honeybee population was located and tested in Germany), we propose that the preference for insect-pollinated flowers was not a direct result of familiarity with flowers through foraging. Based on our results, we thus suggest that the choice for insect-pollinated flowers based on shape is an effect due to an evolved preference rather than through familiarity with specific flowers. This position would be consistent with theories of innate shape preference present in bees proposed by Lehrer et al. (1995) . In addition, our control tests suggest that honeybees prefer to choose flowers based on an overall, global view of the flower images rather than on a single parameter. This interpretation fits with how honeybees are known to prefer to process visual input using global holistic information rather than local elemental features (Zhang et al. 1992; Avarguès-Weber et al. 2015 Howard et al. 2017b ). However, we acknowledge that it is also possible that the observed preference for insect-pollinated flowers could alternatively be a result of familiarity of foraging on "similar" insectpollinated flowers throughout an individual bee's lifetime. For example, Verguts and Chen (2017) suggested that an individual animal undergoes "evolution" at an individual level throughout its lifetime as it learns and experiences its own environment, thus bees in our experiment may demonstrate a preference for insect-pollinated flowers due to their previous individual experience. Future work with fully naïve bees could help inform the mechanisms underpinning the observed effect of a preference for certain flower morphologies. Consistent with the current study, honeybees have previously demonstrated a preference for larger flowers of the species, Mimulus guttatus (Martin 2004) . In both studies, the selection by honeybees against smaller sizes is possibly due to the lower visibility of the smaller flower-like shape. Other previous works have demonstrated that flower size plays a significant role in plant-pollinator interactions. For example, larger flower sizes may be caused by selection pressures to advertise a higher reward quality or quantity (Ashman and Stanton 1991; Campbell et al. 1991; Cohen and Shmida 1993; Benitez-Vieyra et al. 2010 , thus resulting in a preference against smaller flowers. This is evident in flowers of Turnera ulmifolia L., where nectar production and petal length (an indication of flower size) were positively correlated in an environment where signal accuracy was selected for by pollinators (Benitez-Vieyra et al. 2010) . Bees can reliably learn and process size (Howard et al. 2017a ) but the size factor alone could not explain the observed preference for insect-pollinated flowers as there were no significant size differences between the images of the flower types. Our investigation of potential elemental factors that might influence bee preferences did not find any significant effect of flower elongation, nor brightness on bee choices. This result is consistent with recent findings that image brightness is not processed by honeybees when using color vision to detect flowers, and indeed brightness appears an unreliable visual cue in complex environments (Ng et al. 2018; van der Kooi et al. 2018) .
The results in our current study suggest 2 potential evolutionary mechanisms. The first involves the evolution of flowers to suit pollination by insects such as honeybees due to the bees preference for certain morphologies. This possibility is supported by previous research demonstrating that evolution of flower color occurred through flowers tuning to the relative sensitivity of the plant's most important pollinators (Chittka and Menzel 1992; Rausher 2008; Des Marais and Rausher 2010; Dyer et al. 2012; Shrestha et al. 2013) . The second possible mechanism would be the evolution of bees to prefer morphologies of insect-pollinated flowers as those are the flowers from which it would be easiest to receive nutrition compared with bird-pollinated flowers. As a result, over time bees may have developed evolutionary relevant recognition of insectpollinated flowers and be able to generalize that familiarity to novel flower comparisons, as discussed above. The preference for insectpollinated flower shapes could also be a result of a combination of these 2 mechanisms, where insect-pollinated plants and insects, specifically bees, co-evolved.
Our results suggest that the recognition and preference for insect-pollinated flowers by honeybees is innate as bees in Germany had not previously encountered the species of flowers which we presented. In addition, if flowering plants have evolved to suit morphological preferences of bees, Europe and Australia have been separated for many millions of years (with honeybees arriving in Australia within the last 200 years; Paton 1993 Paton , 1996 , meaning the coevolution of this plant-pollinator system is a deep rooted evolutionary occurrence. Such a phylogenetically conserved effect of the visual system of bee pollinators is plausible as flower colors in Australia have evolved to suit color discrimination of native bee pollinators; and the distribution of colors is the same as regions of the world where honeybees were the dominant influence on flower coloration evolution (Chittka and Menzel 1992; Dyer et al. 2012) . Thus, our new evidence suggests that native Australian pollinators may also have a similar preference for flower-shape.
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